Objective Recently, interspinous process devices have attracted much attention since they can be implanted between the lumbar spinous processes (LSP) of patients with degenerative disc disease (DDD) and degenerative spondylolisthesis (DLS) using a minimally invasive manner. However, the motion characters of the LSP in the DLS and DDD patients have not been reported. This study is aimed at investigating the kinematics of the lumbar spinous processes in patients with DLS and DDD. Methods Ten patients with DDD at L4-S1 and ten patients with DLS at L4-L5 were studied. The positions of the vertebrae (L2-L5) at supine, standing, 45°trunk flexion, and maximal extension positions were determined using MRI-based models and dual fluoroscopic images. The shortest ISP distances were measured and compared with those of healthy subjects that have been previously reported.
Introduction
The Lumbar spinous process (LSP) plays an important role in stabilizing the segmental spine unit and protecting the neural structure in the spinal canal. Recently, the LSP has attracted much attention as the sites for implantation of the interspinous process devices (ISPD) [1] [2] [3] [4] [5] . The minimally invasive surgery has been reported for the treatment of the patients with degenerative disc disease (DDD) [5] or symptomatic lumbar spinal stenosis caused by degenerative lumbar spondylolisthesis (DLS) [2] . Therefore, a quantitative knowledge on the biomechanical characteristics of the spinous processes of the patients with DDD and DLS is important for improvement of the surgical treatment efficacy.
Previous biomechanical studies have primarily focused on the motion of the vertebral bodies, intervertebral discs, and facet joints [6] [7] [8] [9] . Limited data have been reported on the motion characteristics of the LSP using cadaveric specimens [10] , anterior-posterior (AP) radiographs [11] , and Computed tomography (CT) [12] . However, the spinous process is a complex 3-D structure and most previous studies are based on the two-dimensional (2D) imaging techniques that make it difficult to accurately determine the three-dimensional (3D) motion characters of the LSP. Xia et al. [13] reported 3D motion characteristics of LSP under in vivo weight-bearing conditions of healthy subjects. A literature review revealed that no data have been reported to describe the motion characteristics of LSP in patients with DDD and DLS.
In this study, we measured the motion of the LSP during non-weight bearing, weight-bearing standing, and flexionextension of the trunk in patients with DDD or DLS. The data were compared with those of healthy subjects published previously [13] . We hypothesized that the spinous processes at the DDD and DLS levels and at immediately adjacent levels would demonstrate distinct motion patterns during active in vivo function of the body when compared with those of healthy subjects.
Materials and methods

Patient recruitment
Ten patients with DDD at L4-S1 (7 men and 3 women; mean age = 51.8 years; mean height = 169 cm; mean weight = 65.7 kg) and ten patients diagnosed with lumbar spinal stenosis caused by DLS at L4-L5 (3 men and 7 women; mean age = 72.6 years; mean height = 162 cm; mean weight = 65.2 kg) were recruited from a single academic center. Eight healthy participants (3 male and 5 female participants; mean age = 54.4 years; mean height = 163.5 cm; mean weight = 63.5 kg) tested in our previous studies were used as normal controls [13] . Based on the clinical radiographic assessments, degeneration of the disc was graded using Pfirrmann classification for all subjects [14] (Table 1 ). The vertebral slippage of all DLS patients was categorized as Grade I using the Meyerding classification method [15] . In addition, anterior disc height (ADH) and posterior disc height (PDH) were, respectively, retrieved by measuring the perpendicular distance between the two opposite points of the endplate rims (Table 2) .
Approval by our institutional review board was obtained prior to the initiation of this study. We obtained informed consent from each patient before any testing was performed.
Imaging technique
Each patient was scanned in a non-weight bearing supine position using a 3-T MRI scanner (Siemens Medical Solutions MAGNETOM Trio) with a spine surface coil and a T2-weighted fat-suppressed 3-D spoiled gradient recalled sequence. The MRI images of the spinal segments were then imported into a solid modeling software (Rhinoceros Ò , Robert McNeel & Associates, Seattle, WA, USA) to construct 3-D anatomical vertebral models of L2-L5 using a protocol established in our laboratory [6, 16] . Mesh models of the vertebrae were created from bony contours (Fig. 1a, b) .
The lumbar spine of each patient was then imaged with different weight-bearing poses of the body: standing position, 45°trunk flexion, and maximal extension (Fig. 2a, b ) using a dual fluoroscopic imaging system (DFIS) [6, 16] . The subject was asked to hold each pose for about 1 s while two fluoroscopes took simultaneous images from two orthogonal directions. The poses were monitored by an orthopedic surgeon to reduce inter-subject variation. Every subject was asked to minimize his/her hip motions to maximize the lumbar motion. The value were presented as mean (SD)
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The in vivo positions of the vertebrae at various weightbearing body positions were reproduced in the Rhinoceros software using the MRI-based 3D models and the corresponding pairs of orthogonal fluoroscopic images of the vertebrae [6, 16] . A model of the vertebrae can be independently translated and rotated in 6DOF until its projections match the osseous outlines captured on the fluoroscopic images in the virtual fluoroscopy system in the computer. Therefore, the vertebral positions during in vivo weight-bearing activities at each selected pose were determined. In our previous validation paper [6] , the accuracy of this technique is 0.3 mm for determination of translation and 0.6°for rotation.
Measurement of the shortest interspinous process (ISP) distance
After obtaining the positions of the vertebrae, the shortest ISP distances were automatically calculated using a software code (Matlab v. 7.0, Mathworks, Natick, MA, USA) based on iterative closest point method [6, 17] . In this study, the shortest ISP distances were measured at the adjacent levels (L2-L3 and L3-L4) and the diseased level (L4-L5) when the subject was in the non-weight bearing supine position, weight-bearing standing position, 45°t runk flexion, and maximal extension positions (Fig. 3 ).
Statistical analysis
Multi-way analysis of variance (ANOVA) was used to compare the ISP distances at L2-L3, L3-L4, and L4-L5 vertebral levels during various body poses of each subject. Another multi-way ANOVA was also used to compare the ISP distances among the healthy subjects, DDD and DLS patients at the same level and same body posture. The subject group was the categorical factor and the level and the body position were the dependent variables. The level of significance was set at p \ 0.05. When a statistically significant difference was detected, a Newman-Keuls post hoc test was performed. The statistical analysis was performed using the Statistica software (StatSoft version 8.0, Tulsa, Ok, USA). (Fig. 4a) At L2-L3 level, the shortest ISP distance was 7.8 ± 3.3 mm at maximal flexion position, that is significantly higher than that at standing (4.3 ± 1.9 mm) (p = 0.009) and extension (4.0 ± 1.7 mm) (p = 0.005) positions, but similar to that of supine (7.6 ± 2.0 mm) (p = 0.86). The shortest ISP distance at supine position was also significantly higher than that at standing position (p = 0.001) and extension (p = 0.001) positions.
Results
DDD patients
At L3-L4 level, the shortest ISP distance was 8.5 ± 2.7 mm at maximal flexion position, significantly higher than that at standing (3.7 ± 1.6 mm) (p = 0.001) and extension (3.6 ± 1.7 mm) (p = 0.001) positions, but similar to that of supine (7.3 ± 2.5 mm) (p = 0.201) position. The shortest ISP distance at supine position was At L4-L5 vertebral levels, the shortest ISP distance was 8.0 ± 3.1 mm at maximal flexion position, significantly higher than that at standing (3.3 ± 1.4 mm) (p = 0.0003), extension (3.2 ± 1.5 mm) (p = 0.0002), and supine (5.5 ± 2.1) (p = 0.012) positions. The shortest ISP distance at supine position was also significantly higher than that at standing (p = 0.039) and extension (p = 0.023) positions.
Interspinous process distances were also compared between different vertebral levels. The only significant difference was found in the supine position, where the distance L4-L5 was significantly smaller than that of the L2-L3 level (p = 0.032).
DLS patients (Fig. 4b) At L2-L3 level, the shortest ISP distance was 6.0 ± 2.4 mm at maximal flexion position, which was significantly higher than that of extension (3.8 ± 2.9 mm) (p = 0.031), but similar to that of supine (6.3 ± 2.0 mm) (p = 0.205) and standing (4.1 ± 2.2 mm) (p = 0.361) positions. The shortest ISP distance at supine position was significantly higher than those at standing (p = 0.031) and extension (p = 0.015) positions.
At L3-L4 level, the shortest ISP distance was 6.5 ± 3.7 mm at maximal flexion position, which was significantly higher than that at standing (3.6 ± 1.1 mm) (p = 0.006) and extension (3.5 ± 1.5 mm) (p = 0.004) positions, but was similar to that of supine (5.2 ± 1.5 mm) (p = 0.214) position.
At L4-L5 vertebral levels, the shortest ISP distance was 5.0 ± 2.0 mm at maximal flexion position, which was significantly higher than that at extension (2.9 ± 1.5 mm) (p = 0.048) position, but was similar to those of supine (3.5 ± 1.0 mm) (p = 0.144) and standing (3.0 ± 0.9 mm) (p = 0.054) positions.
At different vertebral levels, the only significant difference was found in the supine position, where the L4-L5 distance was found to be significantly smaller than that of L2-L3 (p = 0.007).
Comparison with healthy participants
The shortest ISP distances were compared among the healthy subjects, DDD and DLS patients at various postures (Table 2) . Significantly shorter distances for DLS patients were found in the supine position at the L4-L5 level compared with the healthy participants (DLS: During supine-standing activities (Fig. 5a) At L2-L3 level, no significant difference was found among the three groups. At L3-L4 level, the shortest ISP distance change in DLS patients was significantly smaller than those of DDD patients (DDD: 3.6 ± 1.9 vs. DLS: 1.6 ± 1.2 mm p = 0.035). At L4-L5 level, the shortest ISP distance change in DLS patients was significantly smaller than those of healthy participants (DLS: 0.5 ± 0.4 vs. normal: 1.5 ± 1.1 mm p = 0.02) and DDD patients (DDD: 2.0 ± 1.2 mm p = 0.035).
During flexion-extension activities (Fig. 5b) At adjacent L2-L3 and L3-L4 level, no significant difference was found among the three groups. At L4-L5 level, the shortest ISP distance change in DDD patients was significantly higher than those of healthy participants (DDD: 4.8 ± 2.1 vs. normal: 2.0 ± 2.3 mm p = 0.036) and DLS patients (DLS: 2.8 ± 1.7 mm p = 0.032).
Discussion
In this study, we investigated the changes of the shortest ISP distances of DDD and DLS patients during different body positions and compared the data with those of the healthy subjects reported previously [13] . We found that in general the shortest ISP distance showed a decreasing trend from healthy subjects to DDD and to DLS patients. During supine-standing activities, the change of the shortest ISP distance is significantly smallest in DLS patients at the diseased level (L4-L5). During the flexionextension activity, the change of the shortest ISP distance in DDD patients is the largest at the diseased level (L4-L5). The data on adjacent levels were similar to that observed from healthy subjects. Overall, these findings indicated that disc degeneration and spondylolisthesis correlated to distinct alterations in movements of the ISP at the involved level [18] . Few studies have reported on the kinematics of the LSP [10] [11] [12] . Ihm et al. [19] measured the lumbar ISP distance and found that there is a decreasing trend in the ISP distance with advancing ages. Sobottke et al. [12] examined the anatomic proportions of the interspinous space and the spinous processes and found that the best anatomic position for a stand alone interspinous spacer is anteriorly positioned. However, the 2D classification methods are limited by the inaccurate identification of the same anatomic landmarks on multiple planer radiographs [20, 21] , resulting in a great variability among the results. Besides, the image registration method proved to be more accurate image matching [22] . Xia et al. [13] reported 3D motion characteristics of healthy subjects during upright standing, flexion and extension, and found that changes in ISP distances were dependent on body postures and vertebral levels. Wan et al. [17, 23] indicated the shortest ISP distances significantly increased in patients with lumbar spine stenosis after X-stop implantation from 3D lumbar models. No data were reported on the kinematics of the LSP in patients with DDD and DLS during in vivo physiologic weight-bearing activities (Table 3) .
ISP distance change in essence correlated with the segmental motion. Passias et al. [24] indicated that the range of motion at L4-L5 was significantly larger in the DDD group than in the normal group. Miao [9] indicated no statistically significant difference in the ROMs between the normal and DLS groups. These motion data agreed with our ISP change findings between groups. ISP distance change also correlated with the change in size of the spinous process as degeneration progress. Aylott et al. [20] reported that the LSP increases in size with advancing age in both vertical and axial dimensions, and vertical dimension increases of the LSP have the potential to reduce the distance of the ISP. Additionally, abutment of the LSP or ''kissing spines'' is well recognized in the elderly [21] . Furthermore, Paholpak et al. indicated a significant increase in the height of the L4 and L5 spinous process. In this study, the average age of DLS patients was higher than the ages of the normal subjects and the DDD patients. We found that the shortest distance of the ISP gradually decreased from healthy subjects to DDD and DLS patients in supine, standing, extension positions. In our data, we also observed that the ADH was smaller in the DLS group than in the normal and DDD groups in all the four postures. The changes of disc heights in DLS group indicated that the affected disc not only had increased vertical laxity and decreased elasticity but also the morphological changes of an increase in the height of the spinous process may be a kind of biological defense reaction to stabilize it. This result corresponds with the results of earlier studies showing that degenerated intervertebral discs lead to decreased height of the posterior structures [25] , but also implying that age might be another factor that leads to the reduced ISP distances.
Kirkaldy-Willis and Farfan [26] divided the process of degenerative lumbar diseases into three phases: (1) temporary dysfunction, (2) unstable phase, and (3) stabilization. However, it is difficult to examine this pathway by following a patient group through the entire process of lumbar vertebral degeneration. In this study, we selected a normal subject group from our previous studies as a comparison group. The data indicated that the shortest ISP distance change during flexion and extension and supinestanding activities increased in DDD patients with moderate disc degeneration. Furthermore, the data also indicated that the shortest ISP distance change decreased in DLS patients with increasing severity of the disc degeneration. Therefore, the segmental motion of LSP may also imply a course from healthy subjects to DDD and to DLS patients that follows from stable to dysfunctional, unstable, and to restabilization. These results seem to be consistent with previous assumptions on the structural and biomechanical changes in the lumbar disc that occur with degeneration of the vertebral segment [9, 18, 26] . Because the role of the LSP in pathogenesis of low back pain remains unclear, the findings of our study may have valuable clinical implications. Recently, ISPD have been used as an alternative solution to the conventional decompressive surgery for DDD, lumbar spinal stenosis caused by degenerative lumbar spondylolisthesis (DLS) [27, 28] . Promising clinical outcomes have been reported. However, there are also studies reporting that the interspinous implants may result in complications, including implant migration and spinous process fracture [4, 27, 28] . Kim et al. [27, 29] indicated that degenerative lumbar spondylolisthesis appears strongly associated with the occurrence of spinous process fracture after interspinous process spacer (IPS) surgery. Current kinematic studies indicate that for elderly patients with Grade 1 DLS, not only the shortest ISP distance but also the range of the shortest ISP distance change decreased during active in vivo function of the body. Therefore, the interspinous implants that were inserted in the best fitting sizes of DDD patients may become larger than the interspinous distance in DLS patients during functional activities. This situation may cause overloading of a relevant segment that could result in a spinous process fracture or implant dislocation breakage. These complications may be exaggerated with elderly patients due to senile osteoporosis. Verhoof et al. [28] do not recommend the use of an ISP device for the treatment of DLS patients. In DDD patients, the shortest ISP distance decreased but the range of the shortest ISP distance change during flexion and extension increased. The use of interspinous implant in DDD group should restrict the hypermobility to avoid a loosely fitted device falling out from the ISP. These complications may be prevented by establishing clear indications and developing sophisticated implants with regard to motion of process. Currently as a rule of thumb, compressible devices are more intended for DDD whereas rigid ones for spinal stenosis. The data on the motion of LSP could provide more information for choosing compressible or rigid devices from a biomechanical point of view.
There are several limitations to this study that need to be noted. The patients involved in the study were specifically selected with DLS at the L4-L5 level and DDD at the L4-L5 level and L5-S1 level, which only represented a portion of all the DDD and DLS patients. It is possible that in groups with different degenerative patterns, the result might be different. The limited number of subjects is due to a large effort to collect the patients in each group to meet the enrollment requirements, as well as the time-consuming analysis to obtain accurate 3D kinematic data. However, we were still able to observe statistical significance with the number of tested subjects. Future studies should include patients with DDD and DLS at different segments. Another limitation of our finding is that we have yet to test those who have undergone interspinous process device implantations. This makes the comparison of our findings with the currently available data difficult. Despite these limitations, the present study provides new data on aberrant spinous process motion characteristics in DDD and DLS patients under various physiologic loading conditions.
In conclusion, the present study used an in vivo technique to quantify abnormal motion of the ISP in DDD and DLS patients with 3D model during non-weight bearing, weight-bearing standing, and flexion-extension of the trunk. The data could provide baseline information to help identify and characterize the pathologic motion of the ISP under in vivo physiological conditions. This information may help develop modifications of surgical technique and evaluate the effect of new surgical modalities for treatment of DDD and DLS patients.
